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A second isoform of the Artemia franciscana sarco¬ 
plasmic or endoplasmic reticulum Ca-ATPase has been 
identified through the isolation of cDNA clones. This 
isoform differs from the previously identified one only 
at the C-terminal end of the protein. The last 6 amino 
acids of the former isoform change to 30 hydrophobic 
amino acids in the newly identified isoform that have 
the potentiality of being an additional transmembrane 
domain. The two A. franciscana isoforms are highly 
homologous to the two isoforms coded by the mamma¬ 
lian and bird SERCA2 gene, except that the C-terminal 
extensions share their hydrophobic character but have 
no significant amino acid homology. The isolation of 
genomic clones coding for this region of the gene shows 
that both isoforms arise from the same gene by alter¬ 
native splicing. The donor splicing site of the penulti¬ 
mate exon can either be recognized and fused to the 
last exon, giving rise to the mRNA coding for the 
shortest protein, or remain unrecognized, in which 
case a polyadenylation site is recognized before the last 
exon of the gene and the mRNA coding for the largest 
protein is originated. The alternative splicing used to 
originate the two isoforms is similar in Artemia and 
vertebrates. The conservation of the alternative splic¬ 
ing between species so distant in evolution suggests an 
important physiological role for the existence of the 
two isoforms of the protein. 


Sarcoplasmic or endoplasmic reticulum Ca-ATPases 
(SERCA) 1 are the enzymes responsible for the active trans¬ 
port of calcium from the cytoplasm to the sarcoplasmic retic¬ 
ulum of muscular cells or the endoplasmic reticulum of non- 
muscular cells after cell activation. Three SERCA genes have 
been described in mammals and birds and have been named 
SERCA1, -2, and -3 (Brandi et al., 1986; Lytton and Mac- 
Lennan, 1988; Burk et al, 1989). These genes code for highly 
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homologous proteins that differ in their tissue specificity of 
expression. SERCA1 is expressed in fast twitch skeletal mus¬ 
cles (Brandi et al, 1987), SERCA2 is expressed in slow twitch, 
smooth, and cardiac muscles and in non-muscular cells (Lyt¬ 
ton et al., 1989; Gunteski-Hamblin et al, 1988), and SERCA3 
is expressed in some muscular and non-muscular cells (Burk 
et al., 1989). 

Besides the existence of three genes, additional diversity is 
obtained by alternative splicing mechanisms in birds and 
mammals. The SERCA1 primary transcript can be processed 
in two alternative ways; the penultimate exon is retained in 
adult muscles but is spliced out in neonatal animals. Because 
of this alternative splicing, the adult isoform codes for a 
protein that presents a glycine as C-terminal amino acid 
instead of the last 8 amino acids of the neonatal isoform 
(Brandi et al, 1987). 

The SERCA2 primary transcript is also spliced differently 
depending on the tissue of expression (Lytton et al., 1989; 
Gunteski-Hamblin et al, 1988; Lytton and MacLennan, 
1988). The donor splicing site of the penultimate exon is 
recognized in cardiac muscle cells, where it is fused to the last 
exon of the gene. In smooth muscle and non-muscle cells, this 
donor site is not recognized and transcription is stopped at a 
polyadenylation site located before the last exon of the gene. 
This alternative splicing originates two mRNAs that differ 
completely at their 3' end, including the last amino acids of 
the protein. The last 4 C-terminal amino acids of the cardiac 
isoform are changed to 49 hydrophobic amino acids in the 
smooth muscle and non-muscular isoform (Lytton and 
MacLennan, 1988). The existence of similar alternative splic¬ 
ing events of the SERCA2 gene, giving rise to highly homol¬ 
ogous isoforms, has been also described in birds (Campbell et 
al, 1991). The function of this hydrophobic region is unknown 
at the present time. 

The SERCA genes have been much less studied in inver¬ 
tebrates, although cDNA clones have been isolated coding for 
highly homologous proteins from Drosophila (Magyar and 
Varadi, 1990) and the crustacean Artemia (Palmero and 
Sastre, 1989). Chromosomal mapping and Southern and 
Northern blot hybridization experiments suggest the exist¬ 
ence of a single gene coding for sarcoplasmic or endoplasmic 
reticulum Ca-ATPases in Drosophila. In contrast, Northern 
blot hybridization experiments showed the existence of two 
mRNAs coding for Artemia sarcoplasmic or endoplasmic re¬ 
ticulum Ca-ATPases that are differently regulated during 
embryonic development. We wanted to study if these two 
mRNAs are encoded by different genes or if they are the 
consequence of differential splicing of a unique primary tran¬ 
script, as described in vertebrates. By isolating cDNA clones 
coding for both mRNAs, we show in this article that they are 
originated by differential splicing of a unique transcript. Par- 
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tial genomic clones coding for this gene have also been iso¬ 
lated, showing that the alternative splicing that originates the 
two mRNAs in Artemia is identical to that used in the 
vertebrate SERCA2 gene. 

MATERIALS AND METHODS 

Isolation of cDNA Clones —A cDNA library was synthesized from 
Artemia franciscana encysted gastrula mRNA (San Francisco Bay 
Brand, Newark, CA) in the X vector ZAP-II, utilizing the ZAP cDNA 
synthesis kit from Stratagene. A total of 125,000 independent clones 
were obtained, and the library was plate-amplified once. A total of 
150,000 independent clones from the amplified library were screened 
using the Artemia sarcoplasmic or endoplasmic reticulum Ca-ATPase 
clones pArtATCal51 and pArtATCa412 (Palmero and Sastre, 1989) 
as probe. Hybridization of the filters was made in 6 x SSC, 1% SDS, 
50% formamide, 5 x Denhardt’s, 100 Mg/ml calf thymus DNA, and 
10 6 cpm/ml probe at 42 °C for 15 h. Filters were washed three times 
for 30 min in 2 x SSC, 1% SDS at 65 °C. Clones pArATCa501, -505, 
-508, and -517 were isolated in this screening. 

A second screening of a cDNA library made from 20-h-old nauplii 
mRNA in the plasmid vector pUC18 (Palmero and Sastre, 1989) was 
made under the same conditions using the 3' end Xbal-Xhol fragment 
of the clone pArATCa501 to isolate the clone pArATCa604. 

Isolation of Genomic Clones —A genomic library was constructed 
by partial digestion of A. franciscana DNA with Mbol and ligation 
into the BamHI site of the X vector EMBL3. Artemia DNA was 
isolated from 20-h-old nauplii as described by Cruces et al. (1981). 
The ligated DNA was packaged in vitro using Gigapack II Gold 
packaging extracts from Stratagene, and 10 7 independent clones were 
obtained. A total of 750,000 clones from the unamplified library were 
screened using the cDNA clones pArATCal51 and -412 as probes. 
Hybridization and washing conditions were the same described for 
the isolation of cDNA clones. Clones coding for the 3' end of the 
gene were selected between the positive phages by hybridization with 
the Xbal-Xhol fragment of the clones pArATCa501 and -505. Three 
clones hybridized to both of these two probes and were selected for 
further study (gArATCa2, -5, and -11). 

RNA Hybridization—Artemia cryptobiotic embryos were developed 
for 6, 8, or 10 h according to Osuna and Sebastian (1980). Total RNA 
was prepared by the method of Sherman et al. (1986) except that 
homogenization was performing using a Polytron homogenizer and 
that the final precipitation of the RNA was made in 3 M LiCl at 4 “C, 
overnight. Fifteen micrograms of each RNA were electrophoresed in 
1.5% agarose, 2.2 M formaldehyde gels, transferred to nylon mem¬ 
branes (Zeta Probe, Bio-Rad), and hybridized with the indicated 
probes. Hybridization and washing conditions were the same as those 
described for the isolation of cDNA clones. 

DNA Sequencing —The nucleotide sequence of the DNAs was 
determined by the dideoxy chain-termination method as modified by 
Chen and Seeburg (1985) for sequencing double-stranded DNA. The 
different fragments of the cDNA or genomic clones required for 
sequencing were inserted in the plasmid vector pUC18. Either uni¬ 
versal M13 primers or specific primers designed from previously 
established sequences were utilized. The Taq Dye Deoxy Terminator 
Cycle Sequencing kit and the model 373A Sequencer from Applied 
Biosystems were used for most of the sequencing experiments except 
a few where the T7-Sequencing-TM Kit from Pharmacia was utilized. 

RESULTS 

Isolation of cDNA Clones Coding for the Artemia SERCA 
5.2-kb mRNA —The Artemia SERCA cDNA clones previously 
isolated hybridize with two mRNAs of 4.5 and 5.2 kb. These 
clones were all identical and were isolated from cDNA librar¬ 
ies made from embryos developed for 20 h or adult animals 
where the levels of expression of the 4.5-kb mRNA is much 
higher than that of the 5.2-kb mRNA (Palmero and Sastre, 
1989). In cryptobiotic embryos (cysts) the levels of expression 
of both mRNAs is similar; therefore, we decided to construct 
a cDNA library from mRNA obtained from cysts to attempt 
the isolation of cDNA clones coding for the 5.2-kb mRNA. 
The screening of this library with two of the cDNA clones 
previously isolated (pArATCal51 and pArATCa412) under 
low stringency hybridization conditions yielded a number of 


cDNA clones, the restriction maps of which are represented 
in Fig. LA. There were two types of cDNA clones; some clones 
presented a restriction map identical to that of the previously 
isolated cDNA clones (clones pArATCa505 and -508 in Fig. 
LA), and other clones were identical to the previous ones in 
their 5' region but were longer and presented a different 
restriction map in their 3' ends (clones pArATCa501, -517, 
and -604 in Fig. 1A). 

The nucleotide sequence of the longest cDNA clone of the 
second type (clone pArATCa604) was determined and is pre¬ 
sented in Fig. IB. The nucleotide sequence of this clone is 
identical to that of the previously characterized clones up to 
the nucleotide 1934 (corresponding to nucleotides 1167-3070 
of the previously sequenced cDNAs), except for two conserv¬ 
ative nucleotide changes and one non-conservative change 
(the A in nucleotide 382 changes to G, and the encoded Thr 
changes to Ala). The sequence differs completely from that of 
the other clones from nucleotide 1935 to the end of the clone. 
The divergent sequence includes the region coding for the last 
6 amino acids of the previously characterized cDNAs. The 
clone pArATCa604 codes for 30 additional amino acids in the 
C-terminal region of the protein that are highly hydrophobic. 
The relation between the proteins encoded by these two 
Artemia cDNA clones is similar to the one observed for the 
two mammalian SERCA2 isoforms where the last 4 amino 
acids of one isoform are changed by 49 amino acids in the 
other isoform. The extension of 30 amino acids of the Artemia 
isoform do not show a significant homology to the 49 amino 
acids of the mammalian SERCA2b isoform; however, they 
share a marked hydrophobic character, as shown in Fig. 2, 
where the hydropathy profiles of the two Artemia and mam¬ 
malian isoforms are shown. 

To ascertain if the two types of cDNA clones corresponded 
to the 4.5- and 5.2-kb messengers, RNAs from Artemia em¬ 
bryos developed for 6, 8, or 10 h ( lanes I, 2, and 3 in Fig. 3) 
were hybridized with DNA probes from either a region com¬ 
mon to both types of cDNA clones (probe A in Fig. 3) or 
regions specific for each type of cDNA (probes B and C in 
Fig. 3). Probe A, from the cDNA clone pArATCal51, common 
to both types of cDNA clones, hybridized to the 4.5- and 5.2- 
kb mRNAs (Fig. 3A). In contrast, probe B, the Xbal-Xhol 
fragment of the clone pArATCa505, hybridized only with the 
4.5-kb mRNA (Fig. 3B ), and probe C, the Xbal-Xhol fragment 
of the clone pArATCa501, hybridized only with the 5.2-kb 
mRNA (Fig. 3C). These results show that the two types of 
cDNA clones isolated corresponded to each one of the two 
mRNAs observed previously. 

Isolation of Genomic Clones Coding for the 3' End of the 
Artemia SERCA Gene —The nucleotide sequence of the two 
types of cDNA clones suggested that they could have been 
originated by alternative splicing of a single primary tran¬ 
script, as described for mammalian SERCA1 and SERCA2 
genes (Brandi et al., 1987; Lytton and MacLennan, 1988). To 
ascertain this possibility we have isolated genomic clones 
coding for the 3' end of this gene. A genomic library was 
constructed in the X EMBL3 vector using DNA from Artemia 
nauplii of the same batch used to construct the cDNA librar¬ 
ies. Screening of the genomic library with the cDNA clones 
pArATCal51 and -412 yielded a number of positive clones, 
three of which hybridized with DNA probes from the 3' end 
of the clones pArATCa501 and -505 ( probes B and C in Fig. 
3) and were chosen for analysis. 

The restriction map of these three clones is shown in Fig. 
4. cDNA coding regions were localized and sequenced using 
specific oligonucleotides deduced from the cDNA clones. 
These experiments allowed the identification of three exons 
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2027 CTAJCMUIOOUCTTTAOBMCTCrArgH OOOCTT T Q iOHlOmOOOaOOlUIABIftgrA I TOCTClCTMfllU^CKrCXICAACaAAITCTTTTQMflrTOTTAACTATTT 

2348 AJUUfcTT8TJ>gTQJUIOTAATTAJUlTTGaTiUU4TTATATTQ*AE?TAArTAJ^TTGATAAA rTTTC T TTA rrAArT^GAAAACATC7TAjAAATACTGAAATTTTCC rTTC C 

2455 TTATTTtTTJJJJUdnCCAJU^JIOCTATATO'ITOATCATTTrCTTCT'ITAAAnTCATCOOTAATrTaCAACACAAnAAAATTrOTQQAACaOTCTOTATTTCAG’rrrC 

2582 AAAATOA m- ' lVl ' mV- ' l 1 ACtU ^ Tj nj IT U AAglSjrATTTATAAAAOCTAnCATaT A T l - l ' JlV ' riVJl 'CTOTTTTATATAGAAAACOCCATOTTTTCAAATAAAAGTT 

2669 AOTTTrrOOaTT(A)n 

Fig. 1. Restriction map of the cDNA clones coding for A. franciscana SERCA and nucleotide sequence of the clone 
pAr ATCa604. Panel A, the restriction map of the cDNA clones isolated from a cDNA library from cryptobiotic embryos (clones pArATCa501, 
-505, -508, and -517) is shown together with the map of the cDNA clones previously isolated (pArATCa7, -151, and -412) and that of a clone 
isolated from a 20-h-old nauplii cDNA library using the clone pArATCa501 as probe (clone pArATCa604). Restriction maps were determined 
by single and double digestions with the indicated enzymes. The clones have been grouped in two classes according to their restriction maps. 
The box indicates the protein coding regions of each class of cDNA clones and the vertical dashed line the point of divergence of the two 
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Fig. 2. Hydropathieity plot of A. franciscana SERCA isoforms in comparison with that of the human SERCA2 isoforms. 
The hydropathieity plot of the C-terminal region of A. franciscana SERCA isoforms (pArATCa604 and -412) has been determined by the 
method of Kyte and Doolittle using the Macintosh program GeneJockey (Biosoft). Putative transmembrane domains, numbered according 
to the model of Brandi et al. (1986), are indicated ( M5-M10 ). The hydropathieity plots of the human SERCA2a and SERCA2b isoforms, 
determined with the same program, are shown for comparison. Human sequences were taken from Lytton and MacLennan (1988). The arrow 
indicates the divergence point of the two isoforms in each species. 


coding for the 3' end of the gene. The location of these exons 
on the genomic clones and the nucleotide sequence of their 
borders are shown in Pig. 4. 

The most 5' exon (exon A in Fig. 4) codes for a region 
common to both types of cDNA clones and that extends from 
the amino acid 919 to the amino acid 958 of the protein 
(nucleotides 1699-1816 of the pArATCa604 clone). The limits 
of this exon match perfectly with those of the exon 21 of the 
rabbit gene SERCA1 (Korczak et al., 1988) and of the homol¬ 
ogous exon of the gene SERCA2 (Lytton and MacLennan, 
1988). The intermediate exon (exonB') codes for the common 
amino acids 959-997 (nucleotides 1818-1934 of pArATCa604) 
and from there until the end is identical to clone pAr- 
ATCa604. The most 3'-terminal exon (exon C) codes for the 
sequence that is specific for the 3' end of the clone pAr- 
ATCa412 (amino acids 998-1003 and 3'-untranslated se¬ 
quence). 

The putative donor and acceptor splicing sites of the three 
exons are shown in Fig. 4. All these sequences are highly 
similar to the consensus sequences defined for other species 
(Mount, 1982), The 3' end exon specific for the cDNA clone 
pArATCa412 (exon C) is preceded by a consensus acceptor 
sequence. The corresponding donor sequence can be recog¬ 


nized at the end of the region common to both cDNAs in the 
penultimate exon (exon B). These data show that the 4.5-kb 
mRNA is originated by a splicing that uses a donor sequence 
internal to the 5.2-kb mRNA. The 5.2-kb mRNA do not have 
this last exon, since it uses a polyadenylation site located 
before the last exon of the gene. The alternative splicing 
found in Artemia, described for the first time in invertebrates, 
is similar to the one described in the vertebrate SERCA2 gene 
(Lytton and MacLennan, 1988). 

DISCUSSION 

The data presented in this paper show the existence of 
great similarity between the characterized Artemia SERCA 
gene and the gene SERCA2 from mammals and birds. All 
these genes code for two isoforms of the enzyme originated 
by similar alternative splicing events. Furthermore, the two 
isoforms generated from these genes differ solely in their C- 
terminal amino acids, and one of them presents a extension 
of hydrophobic amino acids with the characteristics of a 
potential transmembrane domain. The conservation of this 
extra transmembrane domain between vertebrates and crus¬ 
taceans suggests that it may play an important role in the 
function of this enzyme in the cells where this isoform is 


classes of cDNA clones as determined by nucleotide sequencing (see below). Panel B, nucleotide sequence of the clone pArATCa604 and the 
predicted amino acid sequence of the encoded protein. The nucleotide sequence of the clone pArATCa604 was determined from both DNA 
strands. It is almost identical to that of other cDNA clones previously sequenced up to the nucleotide 1934 (indicated by a box in panel B and 
by a dashed line in panel A) and is different from previous clones onwards. Nucleotides different from the other cDNA clones in the common 
region are underlined. The only amino acid that is different from the other clones in the common region is also underlined. 
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Fig. 3. Northern blot analyses of the mRNAs encoded by A. 
franciscana SERCA isoforms. Fifteen micrograms of total RNA 
from A. franciscana embryos cultured for 6 (lanes 1), 8 (lanes 2), or 
10 h (lanes 3) were electrophoresed in 2.2 M formaldehyde, 1.5% 
agarose gels, transferred to nylon membranes, and hybridized with 
the following probes: A, the EcoRI fragment of the clone pAr- 
ATCal51, indicated by box A underneath the restriction map of this 
clone; B, the 283-base pair Xbal-Xhol fragment of the clone pAr- 
ATCa505, specific for this class of cDNA clones and indicated by box 
B underneath their restriction map; C, the 777-base pair Xbal-Xhol 
fragment of the clone pArATCa501, specific for this class of cDNA 
clones and indicated by box C. 

expressed. We are studying at the present time if the expres¬ 
sion of the two isoforms generated in Artemia are also tissue- 
specific, as described in mammals. 

Little is known about the biological significance of the 
existence of the two isoforms. Campbell et al. (1992) recently 
reported that the C-terminal extension of the SERCA2b 
isoform of birds expands the endoplasmic reticulum mem¬ 
brane so that, whereas the SERCA2a isoform has 10 trans¬ 
membrane domains, the SERCA2b isoform has 11 transmem¬ 
brane domains. This structural difference does not seem to 
change the enzymatic properties of the protein (Campbell et 
al., 1991; Lytton et al., 1991). It is possible that this extra 
transmembrane domain could change the regulatory proper¬ 
ties of the enzyme or its interactions with other cellular 
components. It is interesting to notice a difference between 
this extra transmembrane domain and the other common 
transmembrane domains; the amino acid sequence of the 
common transmembrane domains is highly conserved be¬ 
tween Artemia and mammals (Palmero and Sastre, 1989), 
whereas the amino acid sequence of the extra transmembrane 
domain is poorly conserved. The conservation of the common 
transmembrane domains is probably due to the important 
function of these domains in calcium binding and transport, 
as shown by in vitro mutagenesis (Clarke et al., 1990). The 
poor conservation of the extra transmembrane domain could 
be in agreement with the idea that it is not involved in the 
enzymatic activity of the protein but in the regulatory inter¬ 
actions with other cellular components that might have di¬ 
verged between Artemia and mammals. 

The existence of similar splicing events to originate homol¬ 
ogous isoforms between crustaceans and vertebrates also has 
some interesting evolutionary implications. The simplest ex- 


A .acattcttttgtng/,.C TTG TCT--ATA CTG TCT/gtaagtagttt 
S L S I L S 

919 956 

B .ctaatcttttccog/flCT GTC TTC—TAT ACC GAT G/gtatgccgctt 

T U F V T D 

959 997 

C. ccttcttttea eng/. AA TTT TCT—GGTTTaccta 
E F S 

998 l_ poly(A) 

B'.ctaatxttttccog/ACT GTC TTC—GCGTTactta 
T U F 

959 L poly(A) 

Fig. 4. Structure of the C-terminal region of A. franciscana 
SERCA gene. Genomic clones were isolated that hybridized to the 
C-terminal region of the A. franciscana SERCA gene using the cDNA 
probes B and C described in Fig. 3. Panel A shows the restriction 
map of the three genomic clones obtained (gArATCa2, -5, and -11) 
as determined by digestion with EcoRI (E), Sail (S), Hindlll (H), or 
combinations of these enzymes. The location of cDNA coding regions 
was determined by hybridization and nucleotide sequencing and is 
indicated by open boxes. In panel B are indicated the nucleotide 
sequences and location of the boundaries of each identified exon. The 
amino acids encoded by each exon are numbered according to the 
complete amino acid sequence of the protein (Palmero and Sastre, 

1989) . Exon A is common to the two cDNA isoforms and is bordered 
by consensus acceptor and donor splicing sequences. The absolutely 
conserved acceptor AG and donor GT nucleotides are indicated in 
boldface type in all the intron/exon boundaries. The 5' region of exon 
B is also common to both isoforms. In one of the isoforms, a donor 
splicing site is recognized after this common region, which is fused to 
exon C. The acceptor and donor sequences used in this splicing are 
shown in exons B and C. Exon C ends at the polyadenylation site 
indicated as poly(A). Alternatively, exon B can be ended at a polyad¬ 
enylation site located before exon C to give exon B' that codes for 
the other isoform of the protein. The acceptor splicing site and 
polyadenylation site of exon B' are also indicated. 

planation for the conservation of the alternative splicing 
would be that the precursor gene for vertebrate SERCA2 
genes and this Artemia gene already coded for two isoforms 
generated by alternative splicing of the primary transcript. 
An alternative hypothesis, which we think is less probable, 
would be that mammalian and bird SERCA2 genes and the 
Artemia gene generated independently similar alternative 
splicing mechanisms during evolution. 

Other evidence suggests that the three vertebrate SERCA 
genes, the Drosophila genes, and the Artemia genes have a 
common ancestor. Vertebrate genes are more homologous to 
one another (75-84%) than to the invertebrate genes (67— 
71% to the Drosophila gene, Magyar and Varadi (1990); and 
67-71% to the Artemia gene, Palmero and Sastre (1989)). 
The invertebrate genes are unique genes (Magyar and Varadi, 

1990) 2 and present a similar homology with the three verte¬ 
brate genes (Magyar and Varadi, 1990; Palmero and Sastre, 
1989). Altogether, these data suggest the existence of a unique 

2 R. Escalante and L. Sastre, unpublished results. 
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SERCA ancestor gene that gave rise to the three genes present 
in birds and mammals and to the single invertebrate genes. 
This ancestor gene should have coded for the two isoforms of 
the protein originated by the alternative splicing that has 
been conserved in vertebrate SERCA2 genes and in the Ar- 
temia gene. This alternative splicing would have been lost in 
vertebrate genes SERCA1 and SERCA3 during evolution. 
This hypothesis would predict that the same alternative splic¬ 
ing will be found in other invertebrate genes for which no 
data is available. The study of the SERCA genes in other 
species would be necessary to test these hypothesis. 
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